ABSTRACT: Polymer-based hydrogels, in particular those containing 8 nanoscale fillers, are currently regarded as promising candidates for a plethora 9 of applications. With respect to graphene, the vast majority of publications 10 concern chemical derivatives, and, as a consequence, knowledge of the 11 potential of pristine graphene within these systems is lacking. In this study, 12 novel graphene-based hydrogels containing nonoxidized graphene have been 13 prepared by a mild aqueous process. The mechanical and electrical properties 14 of these hybrid materials were characterized. In the compositions studied, 15 maximum improvements of Young's modulus, ultimate tensile strength, and 16 toughness of 30, 100, and 70% were obtained, respectively. In addition to 17 obtaining an improved hybrid material in terms of mechanical and electrical 18 properties, the response experienced by these systems on applying mechanical 19 stretching was evaluated and stimuli-response behavior is generated by the 20 presence of graphene. Two different kinds of responses were found. A 21 significant change in electrical resistance was observed and with a strain gauge effect, with an average gauge factor of ∼9 (for 22 30% strain). The electromechanical performance of these hybrid hydrogels was tested for a range of mechanical strains and 23 graphene contents, and the stability of these materials was assessed with successive stretching cycles. It was also observed that 24 upon stretching these hybrid hydrogels were able to release the internalized water more efficiently in the presence of graphene, 25 and, as a result, a second possible stimulus response was studied in the form of controlled drug delivery as a proof of concept. 26 The release of a loaded aqueous solution of ibuprofen stimulated by controlled stretching and aided by wet capillary was 27 studied. Much more efficient delivery was achieved in the presence of graphene. These novel systems can be used in the future 28 for sensing or drug-delivery applications. the electrical conductivity of the blank hydrogel. The electrical Figure 3 . The 229 current−voltage (I−V) linear behavior following Ohm's law 230 allowed the electrical conductivity of these hydrogels to be 231 calculated with a linear slope by normalization with the 232 specimen's dimensions. In our case, it was found that neat 233 PAAm had a value of 3.2 × 10 −5 S/cm, whereas the 234 incorporation of graphene at low loadings (0.01 and 0.05 wt 235 %) led to an increase in the conductivity to 3.88 × 10 −5 and 236 5.4 × 10 −5 S/cm, respectively. An example of a PAAm hybrid 237 with a much higher BMG content (1 wt %) still had a higher 238 conductivity than neat PAAm, with a value of 7.5 × 10 −5 S/cm. 239 Although modest, these increases in conductivity are due to 240 the progressive incorporation of graphene and show the 241 conductive role of this component within a hydrogel matrix.
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■ INTRODUCTION
31 Several years ago, polymeric hydrogel materials experienced a 32 major breakthrough due to the design of the first examples of 33 systems that were capable of reacting to external stimuli. In 34 certain situations, the so-called "smart" hydrogels may 35 experience structural changes (expansion, shrinkage) upon 36 induced alterations in their environment, thus leading to the 37 release of an internal payload, the self-reparation of cleaved 38 cross-linked parts of the network, or even changing their 39 optical properties (such as transparency, brightness, etc.). 42 but the new synthetic systems with tailored stimuli-response 43 properties are further motivating their study and possible 44 application in medicine. 4, 5 Perhaps the most widely addressed 45 application of smart hydrogels in medicine is drug delivery. As 46 237 with a much higher BMG content (1 wt %) still had a higher 238 conductivity than neat PAAm, with a value of 7.5 × 10 −5 S/cm. 239 Although modest, these increases in conductivity are due to 240 the progressive incorporation of graphene and show the 241 conductive role of this component within a hydrogel matrix.
242
Electromechanical Response. Having confirmed that 243 graphene-based hybrid hydrogels present improved tensile 244 mechanical properties and also that these have a conductive 245 role within PAAm, we proceeded to evaluate the electrical 246 response upon mechanical stretching. In cases where an 247 induced change in the shape or dimensions of a hybrid results 248 in a measurable change in the conductive properties, this event 249 is a valuable phenomenon for the development of electro-250 mechanical sensors and to monitor the life and failure of such 251 materials. In this context, the piezoresistive properties of the 252 materials were investigated, which are changes in R upon 253 deformation of the hydrogel.
254
The electrical resistance was measured during cyclic 255 stretching (at a constant rate) up to 30% strain in different 256 samples. The procedure was carried out on the same tensile 257 device used for the mechanical characterization. Briefly, a 258 cylindrical hydrogel sample was clamped at both ends in the 259 tensile machine, painted with two droplets of silver paste and 260 cyclically stretched (at a constant rate). Electrical measure-261 ments were taken at the time of maximum strain and the zero 262 position for each stretching cycle. 263 It was observed that significant changes in R occurred in the 264 fully stretched position of hybrids compared to the zero f4 265 position (see Figure 4 ) and therefore the system itself behaved 266 as a strain gauge. Strain gauges are electrical conductors with a 267 geometry-dependent electrical resistance, and when they are 268 stretched in a reversible manner, the increased length and 269 thinner cross section lead to a rise in R.
18 The electro-270 mechanical sensitivity of our composites was quantified 271 through the gauge factor (G F , see Experimental Section).
272
The study described here focused on samples with a low films directly prepared from spray coating over plastic In an attempt to understand this finding, the 324 evolution of G F with the succession of stretching cycles at 30% 325 strain was evaluated (Figure 5b,c) . results obtained were mapped and are displayed in Figure 6 .
372
The maximum G F values were obtained for 30% strain, 388 systems, and the nature of the variability makes it necessary to 389 prioritize either sensitivity or duration without critical 390 consequences in any envisioned application.
391
Mechanically Induced Drug Delivery. The kinds of 392 responses that the hybrid hydrogels may present to a stimulus 393 based on mechanical stretching were investigated. As 394 commented earlier, it was observed that stretching of these 395 hydrogels led to the release of water and that this phenomenon 396 was enhanced by the presence of graphene. It was therefore of 397 interest to evaluate whether this release of water could cause 398 the concomitant release of internalized substances, for which a 399 proof of principle was carried out in the form of a controlled 400 drug-delivery experiment.
401
Given the mechanical stimulus-responsive nature of our 402 PAAm/graphene hybrids, we were encouraged to test them 403 beyond the electromechanical effects and to ascertain whether 404 they might be able to achieve drug delivery by mechanical f7 405 means (depicted in Figure 7) . In fact, reports of mechanically 406 triggered drug release in three-dimensional (3D) soft polymer 407 networks is very rare in the literature, and examples mostly 408 concern compression rather than stretching. Tensile motions 409 occur naturally in the human body at every moment and they 410 are also effortlessly applied at will. As a consequence, it is very 411 appealing to exploit such motions as a means to achieve on-412 demand drug delivery. The examples reported by Hyun et al. 447 in the system. Hybrid hydrogels containing BMG showed a 448 markedly higher release ability than neat PAAm upon 449 stretching. Consequently, the differences observed in the 450 stretch-triggered drug delivery of ibuprofen could be ascribed 451 to the mechanical features that graphene imparts on the 452 PAAm. In other words, an unprecedented effect of graphene in 453 a hydrogel matrix was observed in this experiment. The linear electrical behavior was confirmed on representative 540 selected samples. I−V curves were measured using a standard four- 541 point probe method with a Keithley 2400 source-meter instrument, 542 where the copper wires were attached to the samples by silver paste to 543 cylindrical specimens of ∼5 mm diameter and 10−20 mm length. At 544 least six measurements were performed for each sample by contacting 545 crocodile-type electrodes to the ends of the specimen. Electrical 546 conductivity (σ) was calculated as the inverse of resistivity (ρ), which 547 in turn was obtained from its relationship with R ρ = R l s 548 where l and s are the specimen's length and sectional area, 549 respectively. The linear electrical behavior was confirmed on 550 representative selected samples by measuring I−V curves using a 551 standard four-point probe method with a Keithley 2400 source-meter 552 instrument.
553
The strain gauge effect was evaluated by combining the 554 aforementioned mechanical and electrical characterization techniques, 555 using the Mecmesin MultiTest 2.5-i dynamic mechanical analyzer 556 mentioned previously and a digital multimeter (working in DC) with 557 a maximum resolution of 0.1 μA and a basic accuracy of ±1.0%. 558 Copper wire electrodes were used for the measurements. Cylindrical 559 specimens of 5 mm diameter (and several centimeters long) were 560 clamped at both ends and situated in a "zero" position with the 561 minimum possible tension. Two small Ag spots were painted 562 approximately at 1/3 and 2/3 of the specimen length between 563 clamps, in opposite sides. Stretching recovery cycles were applied at 564 specific ratios (namely, 5, 15, 30, or 50% strain) with 15 and −15 565 mm/min stretching rates, respectively, through 11 cycles. Electrical 566 resistance was measured in each stretched and recovered position for 567 every cycle with the multimeter in a two-point probe configuration. 568 The gauge factor (G F ) was calculated according to the expression The strain-induced release of ibuprofen from PAAm hydrogels was 576 tested as follows. A piece of the ibuprofen-loaded cylindrical specimen 577 (a few centimeters long) was clamped to both ends in the uniaxial 578 tensile device and cyclically stretched according to the following 579 program: 15 mm/min ramp up to 30% strain, held for 30 s in the 580 stretch position, and recovery at −15 mm/min to the initial rest 581 position. During the whole time, a rectangular strip of high-quality 582 chromatographic paper (Whatman), previously humidified with Milli-583 Q water, was stuck to the hydrogel specimen to cover its entire outer 584 surface. The paper was removed after each cycle and a new one was 585 put in place. Upon removal, each piece of paper was immersed in 3 586 mL of Milli-Q water and left soaking overnight. The released amount 587 of ibuprofen was assessed from the UV absorbance (Cary 5000 UV− 588 vis−NIR spectrophotometer) of the aqueous aliquots using an 589 The authors declare no competing financial interest.
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